ABSTRACT Work from a number of laboratories has shown that fertilization is blocked in the presence of protease inhibitors, although the specific site ofinhibition has not been identified. The present experiments were designed to discriminate between sperm binding to zonae pellucidae as opposed to sperm penetration through zonae, so as to assess the effect of protease inhibitors on these two distinct events. Exposure of capacitated mouse spermatozoa to a variety ofprotease inhibitors directed against trypsin blocked sperm binding to zonae in a concentration-dependent manner. A chymotrypsin-directed inhibitor was not capable of blocking sperm binding to zonae. The trypsin inhibitors did not affect sperm penetration through zonae nor gamete membrane fusion ifthe sperm had established a firm association with the zona surface before addition of the inhibitors. Previous incubation of zona-intact eggs with the inhibitors did not lead to a reduction in sperm binding, indicating that the activity affected by the inhibitors is borne by spermatozoa. Interaction between spermatozoa and the zona surface appeared to be the specific locus ofinhibition; sperm binding to zona-free eggs (i.e., binding to the egg plasma membrane) was unaltered by the trypsin inhibitors. These results suggest a reevaluation of the function of proteases in fertilization focusing on their role in initial sperm contact with the zona pellucida.
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Mammalian spermatozoa must traverse several investments before reaching their ultimate target, the plasma membrane of the egg. The final layer for the fertilizing spermatozoon is the zona pellucida, a glycoprotein envelope surrounding the egg, which the spermatozoon first binds to and then penetrates. The activity of a trypsin-like enzyme, acrosin (EC 3.4.21.10), localized in the acrosomal region of the sperm cell, has long been thought to be responsible for zona penetration (1) (2) (3) (4) . The essential role of this enzyme in fertilization appeared to be confirmed by the ability of a variety of trypsin inhibitors to block fertilization, both in vivo (5, 6) and in vitro (4, 7, 8) . Aspects of several reports suggest, however, that acrosin may not be the functional zona penetrant (9) (10) (11) (12) (13) . Since the specific site of the trypsin inhibitor-induced block to fertilization was not identified in the studies demonstrating the trypsin inhibitor block to fertilization, we have designed experiments to separate sperm binding to the zona from sperm penetration through the zona. The basic conclusion from these experiments, that a trypsin inhibitor-sensitive site is responsible for zona binding, suggests reevaluation of the function of acrosomal proteases.
uvate/5.6 mM glucose/0.001% phenol red containing bovine serum albumin (20 mg/ml), penicillin G (60 units/ml), and streptomycin (60 ,ug/ml)] that supports both capacitation and fertilization of mouse gametes in vitro was used (14, 15 (15) . Unless otherwise indicated, a final sperm concentration of [1] [2] [3] [4] [5] x 105 cells per ml, estimated with a hemocytometer, was used. For a given experiment, all test points contained equal concentrations of sperm.
Mouse sperm suspensions were prepared by rupturing the excised caudae epididymides of mature (.10 weeks) mice in CM. For each epididymis, 0.2 ml of CM was used; two animals were used per experiment. After 10-15 min for sperm dispersal, an aliquot ofthe epididymal suspension was diluted 1:5 in CM. Sperm were first incubated for 90-120 min at 37°C to allow for the occurrence of capacitation (15, 16) . In some experiments, these sperm were added directly to the eggs without further manipulation. In other experiments, intended to examine the effects of various trypsin inhibitors on sperm function, previously incubated sperm were exposed to inhibitors as specified for [15] [16] [17] [18] [19] [20] was found with all of the trypsin inhibitors tested, which included both synthetic (p-aminobenzamidine, benzamidine) and natural (SBTI, LBTI, OMTI) inhibitors (Table 1) . Several trypsin inhibitors were examined for their ability to reduce sperm binding levels in a concentration-dependent fashion. Increasing concentrations ofeachinhibitor tested-NPGB, PhMeSO2F, TosLysCH2Cl, and benzamidine-led to decreasing binding levels (Fig.. 1) . Sperm motility was unaffected by these compounds except for NPGB at 1 mM, at which concentration 30-40% fewer spermatozoa displayed vigorous motility than seen in the control suspensions.
The effect of the protease inhibitors on sperm-zona interaction was apparently directed toward the spermatozoon and not toward the zona pellucida (Fig. 2) . Cumulus-free zona-intact eggs were incubated for 15 min in either TosLysCH2Cl or SBTI, as well as in CM alone; washed eggs were then added to capacitated mouse spermatozoa. When assayed 15 min later, sperm binding levels remained high (the levels obtained, in fact, were somewhat, but not significantly, higher than the control level), indicating the absence of an effect of the inhibitors on zonae.
To investigate the possibility that the specific step in gamete interaction affected by protease inhibitors was sperm binding to zonae, and not sperm penetration through zonae, the following experiments were performed. Capacitated mouse sperm were permitted to bind to zonae under standard conditions in the absence ofprotease inhibitors. The gametes were recovered 15-20 min later by the dextran gradient centrifugation technique, but with glutaraldehyde omitted. The recovered eggs, with 1-3 highly motile sperm bound to the zona surface, were transferred to drops of fresh CM containing various reagents. Both zona penetration and fertilization were assessed when these gametes were recovered 4 hr later. The protease inhibitors did not affect zona penetration or fertilization significantly when the spermatozoon had already bound securely to the zona surface, indicated by the high levels obtained for penetration (65-130%) and fertilization (72-144%) in the presence of the protease inhibitors ( Table 2 ). The inhibitor concentrations used in this series ofexperiments were the same as those used in the experiments described in Table 1 . Thus, although the inhibitors substantially reduced the initial interaction between the spermatozoon and the zona pellucida, once that association was es- LysCH2Cl increased, sperm-to-egg plasma membrane binding remained consistently high. This result suggests that protease activity is required for interaction between the mouse spermatozoon and the surface of the zona pellucida specifically, not between the spermatozoon and the egg plasma membrane.
DISCUSSION
Three conclusions have emerged from the data presented here: (i) a trypsin-like, but not chymotrypsin-like, activity is apparently involved in the binding of mouse spermatozoa to zonae pellucidae; (ii) this trypsin-like activity appears to be borne by the sperm, not by the zona pellucida, and to exert its effect when the spermatozoon interacts with the zona pellucida specifically, not with the egg plasma membrane; and (iii) a trypsin-like activity may be unnecessary for mouse sperm penetration through the zona pellucida. Although the activity of the protease inhib- itors throughout the zona has not been demonstrated here, the permeability of these molecules through this envelope is not considered a problem on the basis ofsize, since large molecules, such as IgM, pass readily through the mouse zona pellucida (20, 21) .
The general view concerning sperm penetration through the zona pellucida has, for well over a decade, included enzymatic digestion by the protease acrosin. This idea is based, primarily, on two types of experiment: inhibition of fertilization in the presence of trypsin inhibitors (4) (5) (6) (7) (8) and dissolution of zonae pellucidae in vitro by acrosomal extracts (12, 13, 22) . The results given here are not inconsistent with those data, since neither the consideration of zona binding as a possible explanation nor the identification of the specific site of trypsin inhibitor activity was undertaken previously. Inhibition offertilization by trypsin inhibitors is verified here, because zona binding rather than zona penetration, is prevented. It is interesting to note that in sea urchins, in which initial gamete association is mediated by the sperm-borne protein, bindin (23), a protease activity associated with bindin has been reported recently (24) .
The finding that trypsin inhibitors do not affect zona penetration should not be surprising, particularly as data have been accruing that suggest that the role of acrosin in fertilization should be reconsidered. Bedford and Cross (9) demonstrated that rabbit zonae pellucidae, made highly resistant to both trypsin and acrosin digestion by exposure to wheat germ agglutinin, were penetrated by rabbit sperm as readily as control zonae. In addition, when the ability of acrosomal extracts to dissolve zonae was tested in vitro, crude preparations were much more effective than purified acrosin (13) ; moreover, some nontryptic enzymes and disulfide reducing agents dissolved zonae as effectively as trypsin-like enzymes (12) . Furthermore, the concentration of Ca2+ required for optimal activity of extracted ac- rosin is far in excess of that found at the site of fertilization. Mouse acrosin is reported to require 50 mM Ca2+ for full activity (8) , while the ram enzyme requires 200 mM Ca2+ (10) . The mammalian oviduct, however, appears in general to maintain a Ca2+ concentration of <5 mM; in the mouse, the measured Ca2+ concentration is 2 mM or less (25) . Consistent with the lack of acrosin participation in zona dissolution is the finding of Srivastava et al. (26) that crude rabbit acrosomal extracts were more effective in zona dissolution in the absence than in the presence of Ca2+.
Recent work has shown that an intact plasma membrane on the sperm cell is involved in zona recognition and binding (27, 28) ; once bound to the zona, a functional acrosome reaction can occur (29) . These findings suggest that the protease inhibitors that affect zona binding exert their action on the sperm cell surface rather than on enzymes located within the acrosome.
The identity of the activity mediating mouse sperm binding to zonae presented here is unresolved. Although there is a striking parallel between the levels of inhibition obtained in this study and those obtained by Bhattacharyya et al (8) with extracted mouse acrosin and synthetic inhibitors, no conclusion is possible. Indeed, the activity here is termed trypsin-like due to its inhibition by a variety of protease inhibitors, all of which have trypsin inhibition in common. Mammalian spermatozoa are well known to contain a wide variety ofproteolytic enzymes
